The growth morphology and electronic structure of Co(0001) grown on W(110) are studied using scanning tunneling microscopy and scanning tunneling spectroscopy (STS) at T = 6 K. Depending on growth conditions, continuous Co films or Co islands on top of a wetting layer are formed. Within the continuous films, dislocation lines appear and increase in density after annealing. Co islands and films exhibit dI / dV curves with a pronounced peak at −0.3 eV below the Fermi energy. The intensity of this peak is changing in different areas of the surface. Using monolayer high islands with a different shape deposited on the same Co layer we attribute the different intensity to a different stacking of the Co surface. The change in intensity is reproduced by first-principles electronic structure calculations, which reveal that the peak is caused by a d 3z 2 −r 2-like surface resonance of a minority-spin character more strongly coupled to the bulk states in the case of hcp (ABA) stacking than in the case of fcc (ABC) stacking. An increased STS intensity of the surface resonance was also found above dislocation lines located at the Co/W interface.
I. INTRODUCTION
Nowadays there is an increasing interest in layered magnetic thin-film structures because they exhibit effects such as the giant magneto resistance or the tunneling magneto resistance usable in data storage devices. 1 Co is often used as a ferromagnetic material in such structures, in particular for model systems. [2] [3] [4] [5] [6] It is well known that the performance of the model system depends crucially on the electronic states at the Co interface. Thus, the knowledge about interface defects such as stacking faults is important.
Indeed, it has been shown recently by Vázques de Parga et al. 7 using scanning tunneling spectroscopy (STS) on Co/ Cu͑111͒ that the electronic structure of the Co(0001) surface depends sensitively on stacking. Nevertheless the spectroscopic results are contradictory to other STS measurements by Pietzsch et al., 8 Diekhöner et al., 9 and Okuno et al. 10 One possible explanation for the discrepancy is an intermixing of Co and Cu that depends sensitively on the preparation process. 11, 12 A way to circumvent this effect is the use of a W(110) substrate which excludes any intermixing. Nevertheless, the electronic properties of Co/ W͑110͒ have only been investigated by spatially averaging techniques where stacking fault effects are not detectable. [13] [14] [15] [16] [17] [18] [19] Apart from the question of the influence of stacking, there are also contradictory results concerning the surface-related states of Co(0001) itself. Early angle resolved photoelectron spectroscopy (ARUPS) measurements claimed an sp-like surface state at −0.3 eV with respect to the Fermi energy, 20, 21 which was later ascribed to a d 3z 2 −r 2-like state. 13 Some of the recent STS experiments confirm the existence of this state by showing a peak at −0.31 eV or at a slightly different energy −0.43 eV. [8] [9] [10] In contrast, Vázques de Parga et al. 7 found no spectroscopic features below E F .
Using first-principle calculations, Diekhöner et al. 9 assigned the STS peak below the Fermi energy to a d 3z 2 −r 2-like state of a minority-spin character. This is in accordance with the interpretation of the photoemission results. A similar conclusion is drawn from the analysis of the STS results by Okuno et al. 10 However, both papers imply that the peak in STS originates from a d 3z 2 −r 2-like surface state at the ⌫ point, while photoemission calculations by Braun et al. 22 imply that the photoemission peak originates from d states away from ⌫ .
Here we present the first STS study of Co on W(110). We found different Co morphologies as continuous films or islands depending on preparation conditions, but on each system we observed distinct regions which we identified as stacking faults. Moreover, we found a peak in STS at −0.3 eV, similar to the one which was measured on the Co/ Cu͑111͒ system. [8] [9] [10] This peak turned out to be sensitive to the stacking at the continuous film or island surface as well as to dislocation lines within the continuous films. In order to identify the origin of the peak we performed firstprinciples electronic structure calculations. They help to assign the peak to a surface resonance with a minority-spin character being mainly d 3z 2 −r 2-like. But, in contrast to previous results, 9,10 the corresponding states are located in a ringlike region off from the ⌫ point at a distance of approximately 0.4 Å −1 , and not at ⌫ . Importantly, it turned out that the surface resonance is coupled more weakly to bulk d states for fcc stacking than for hcp stacking. This leads to a higher localization of the surface resonance in the surface layer for fcc stacking and, respectively, to a 20% larger vacuum density of states being detectable by STS. In turn, the d 3z 2 −r 2-like surface resonance at −0.3 eV can be used to spectroscopically identify the local stacking of Co(0001). temperature (RT) scanning tunneling microscopy (STM) and STS, 24, 25 the other for STM/ STS at T =6 K. 23 The base pressure of both systems is in the 10 −11 mbar range. We used either ex situ mechanically sharpened PtIr or electrochemically etched W tips, both prepared afterwards by field emission in UHV. Two different W(110) single crystals with an average terrace width of Ϸ10 nm and Ϸ200 nm, respectively, were used as substrates. They were cleaned by repeated cycles of heating at T = 1500 K in an oxygen atmosphere of 5 ϫ 10 −7 mbar and subsequent flashing to 2500 K. 26 After this preparation, both crystals gave a sharp ͑1 ϫ 1͒ low-energy electron diffraction (LEED) pattern. Several monolayer (ML) thick Co films were deposited at RT with an e-beam evaporator at a rate of 0.1-0.2 ML/ min. During deposition the pressure remained below 2 ϫ 10 −10 mbar. The rate was calibrated by STM images of films with a thickness below 0.5 ML that are known to grow pseudomorphically on the W substrate. 13, 15, [27] [28] [29] [30] This results in a relative accuracy better than 20%. In the following, the notation of 1 ML corresponds to the equivalent of one pseudomorphic layer of Co on W(110). Films thicker than 1 ML were subsequently thermally annealed for 10 min at temperatures ranging from 400-600 K. The temperature was preliminarily calibrated with a thermocouple attached to the tungsten sample holder to which the W(110) crystal is mounted via tungsten wires. This leads to an accuracy of ±15 K for heating in the RT-STM system. STM images were recorded in the constant-current mode at a stabilizing current I stab with the bias voltage V stab applied to the sample ("constant-current image"). The vertical and lateral sensitivity of the tube scanner was calibrated on monoatomic steps of the W(110) substrate and on the unit cell of the InAs(110) surface, 31 respectively, leading to an accuracy of better than 5%. Most images are raw data, except that a plane has been substracted to compensate for misalignment of tip and sample. We enhanced the contrast of some STM images by mixing the constant-current image with its derivative along the fast scan direction.
To obtain spectroscopic information a small ac modulation voltage V mod ͑ Ϸ 1.5 kHz͒ is added to V stab . At every point ͑x , y͒ of the image, the tip is stabilized at V stab and I stab , the feedback is opened, and a dI / dV͑V , x , y͒ curve is measured by the lock-in technique. The resulting dI / dV͑V , x , y͒ signal is a measure of the local density of states (LDOS) of the sample surface below the tip apex with V corresponding to the electron energy with respect to the Fermi level E F . [32] [33] [34] Additionally, the dI / dV͑V͒ signal is recorded during constant-current images with closed feedback giving a socalled dI / dV map at an energy corresponding to V stab .
III. EXPERIMENTAL RESULTS

A. Structural properties
Previous results
The growth of Co on W(110) has been investigated extensively 13, 15, [27] [28] [29] although only few studies have been reported using STM. 17, 30, 35 Results of importance for this publication will be succinctly reviewed in the following. Co grows in the Nishiyama-Wassermann orientation, which means that the Co(0001) plane is parallel to the W(110) plane and Co ͓1120͔ʈW͓001͔. A comparison of the unit cells of bulk W and bulk Co aligned accordingly is shown in Fig. 1 29 In the Co/ W͑110͒ film, the strain is given by
where b i now denotes the mean strained value. Up to approximately 0.5 ML the growth is pseudomorphic, 30 which means x = 3.1% and y = 26.2%. For increasing coverage a transition to a ͑8 ϫ 1͒ LEED pattern has been observed. It is generated by areas of a closed-packed monolayer with perfect registry in the x direction ͑ x = 3.1% ͒ and a commensurable structure in the y direction, where every fifth adsorbate row coincides with every fourth substrate row ͑ y = +1%͒. These areas coexist with areas of the pseudomorphic monolayer. 30 The ͑8 ϫ 1͒ pattern was observed for coverages up to approximately 2 MLs. Above this coverage, the structure is slightly changed in the y direction towards a ͑7.1 ϫ 1͒ structure leading to y = −1.45%. This structure persists up to 10 ML, where the strain in the x and y directions as well as in the direction of the surface normal, is found to be reduced exponentially. The latter is probably caused by the appearance of misfit dislocations at the interface. 13 The described results for films thicker than 1 ML were obtained for annealing temperatures below T = 500 K, where two-dimensional growth is predominant. For annealing temperatures above 500 K the film breaks up into threedimensional islands 17, 27, 35, 36 sitting on a closed Co wetting layer. 36 The three-dimensional island growth probably leads to smaller strain due to a possible relaxation within each island.
All reported LEED results do not explicitly distinguish between hcp ͑ABA͒ and a possible fcc ͑ABC͒ stacking in the Co films. Though bulk Co is hcp at RT and fcc only above T Ϸ 700 K, 37 thin Co films often show fcc stacking even at RT. 38, 39 Knoppe et al. 13 compare photoelectron diffraction data with calculations for hcp and fcc stacking. This has been done for a 7 ML and a 12 ML Co film annealed to 450 K, i.e., in the continuous film growth morphology. The agreement between measurement and calculation favors hcp stacking but the authors cannot exclude that some areas of the surface are still fcc stacked. 40 To our knowledge, there are no corresponding statements about stacking for the island morphology.
Growth modes
Figures 2(a)-2(c) show constant-current images of a 3 ML Co film grown on the W crystal with 10 nm terrace width. The film was annealed at increasing temperature as indicated in the images. In agreement with previous results we find two-dimensional growth below Ϸ500 K with a typical corrugation of ±1 ML as visible in the line profile A of Fig. 2(d) . Three-dimensional island growth is found for higher annealing temperatures as shown in Figs. 2(b) and 2(c). As obvious from the line profile B in Fig. 2(d) the islands are wedge shaped due to the step edges of the underlying substrate and extended preferentially parallel to the W step edges as reported previously. 17, 35 The island surface is atomically flat apart from a height modulation of 0.1 Å. It is barely visible in Fig. 2(c) as faint stripes, which are oriented along the W step edges. As for Gd and Fe islands on W(110) the height modulation is induced by the smaller step size of Co(0001) ͑2.04 Å͒ compared to W(110) ͑2.24 Å͒. 41, 42 For increasing temperature there are less islands which are partly higher and more extended along the step edges. After annealing to 500 K [ Fig. 2(b) ], the largest islands have a lateral extension of 40ϫ 60 nm 2 and a height of about 5.5 ML, while at 570 K [ Fig. 2(c) ] their lateral size is 50ϫ 200 nm 2 and the height is about 6.5 ML.
Figures 2(e)-2(g) show constant-current images of a 10 ML Co film grown on the W crystal with a 200 nm terrace width. The film was annealed at different temperatures below the critical temperature for island growth as indicated. Again, layer by layer growth is found in this temperature range. Obviously the roughness is reduced for increasing annealing temperature. While five open layers, i.e., layer 6 to layer 10, are distinguishable on the film annealed at 350 K as can be seen in the line profile C of Fig. 2(h) , only three open layers are found in the film annealed at 400 K. Moreover, the lateral extension of the remaining islands is much larger upon higher annealing. Finally, the film annealed at 450 K shows a continuous layer where the observable Co steps follow the steps of the W substrate. To illustrate that, the step edges of the underlying W substrate have been identified by the faint height corrugation mentioned previously and are marked as white dashed lines in Figs. 2(e)-2(g). Note that the ten pseudomorphic ML Co film contains only 8.5 closedpacked MLs if one takes into account the relaxation in the different layers described in Sec. III A 1. 
The assigned numbers of MLs have been deduced as described in the text. Note that the contrast of the dislocation lines in (e) is reduced with respect to (f) and (g) because of a smaller contrast per ML.
Dislocation network
As clearly visible in Figs. 2(f) and 2(g) the Co terraces show a periodic zigzag-shaped height modulation consisting of stripes. The stripes run under an angle of ±͑70°± 5°͒ to the ͓110͔ direction of the W(110) substrate, which itself is known from LEED measurements. A closer look at this structure is presented in the constant-current image of Fig. 3(a) . It reveals that the stripes consist of two protrusions with different heights, as more clearly visible in the line profile of Fig. 3(b) . The higher stripe has a height of 18± 7 pm while the shallower one shows a height of only 9 ± 3 pm. The closest distance between shallower and higher stripes is 5 ± 1 nm and thus is approximately one-third of the period of the whole structure of 15± 2 nm. However, this period is slightly different in different areas and in some areas, stripes are missing [see Fig. 2(g) ]. This results in an average period of 19 nm. Close inspection of Fig. 2 (e) reveals that the stripes are also present after annealing at 350 K. However, they appear more irregular and with a lower density than in the film annealed at higher temperatures. The average distance between double stripes is 26 nm for the film annealed at 350 K and 19 nm for the film annealed at 400 K. Further annealing at 450 K has no measurable effect on the stripe density. This implies that the stripe arrangement of Fig. 2 (g) is already close to equilibrium.
The stripe-shaped protrusions at the surface most probably originate from dislocation lines (DLs) similar to the dislocation networks found for Cu/ Ru͑1000͒, 43, 44 Fe/ Mo͑110͒, 45, 46 Ni/ Re͑0001͒, 47 and Ge/ Si͑111͒. 48 In these systems the dislocation network is located at the substrateadsorbate interface, but can still be detected in STM images on up to 10 ML thick films. The corresponding height modulation is of the order of 10 pm. Indeed, it is expected from the strain measurements on Co/ W͑110͒ summarized in Sec. III A 1, that misfit dislocations reduce the residual strain above a critical coverage of 10 ML. 29 This is consistent with our observation.
The residual strain in the unrelaxed film would amount to x = 3.1% in the ͓110͔ direction (see Sec. III A 1). This means that one additional atomic row oriented along ͓001͔ is needed every 32 atomic rows in order to release the stress in the ͓110͔ direction. Since the strained distance of the rows in the ͓110͔ direction is 2.24 Å, this leads to an expected distance between neighboring DLs of 32ϫ 2.24 Å = 7.2 nm provided that each line contains exactly one additional atom along ͓110͔. Convincingly, this is in good agreement with the measured period of the double stripe structure of 15± 2 nm if one assumes that the shallower as well as the higher stripe contain one additional atomic row along ͓001͔.
The angle of ±70°between DLs and the ͓110͔ direction is probably necessary to simultaneously reduce the residual strain in the ͓001͔ direction of y = −1.45%. To relax this strain, one now has to insert "missing-atom rows" along ͓110͔. Although we could not determine the atomic arrangement which reduces the strain in both directions, it is worth mentioning that the angle arctan ͉͑ x / y ͉͒ = 65°is indeed close to the observed angle of 70°± 5°. We thus suggest that the stripes are indeed DLs relaxing the stress of the film.
In order to prove that the DLs are located close to the interface and not on the surface, Figs. 3(c) and 3(e) show atomically resolved constant-current images taken on two different terraces of the Co film from Fig. 2(e) . Besides 2 -3% of adsorbate atoms that are imaged as bright dots, the hexagonal Co lattice is clearly visible. From line profiles drawn along the atomic rows as shown in Fig. 3(d) , one can deduce a next neighbor distance of 2.65± 0.1 Å under an angle of ±30°to the ͓110͔ direction and of 2.5± 0.1 Å in the ͓001͔ direction. This coincides with the next neighbor distances expected for the Co lattice in the coverage regime 2 -10 ML of 2.56 Å and 2.48 Å, respectively (see Sec. III A 1).
More importantly, the stripe-shaped protrusions are also visible in Figs. 3(c) and 3(e) , and the atomic resolution reveals that there is no shift in the atomic rows within the stripe structure nor any change in atomic distances on the stripes. This can be clearly seen by inspecting the line profile of Fig. 3(d) and the corresponding line in Fig. 3(c) . We conclude that the DLs are not located within the surface layer. Furthermore, the stripe positions are not affected by the Co step edges of the film as can be seen in Figs. 2(e)-2(g), i.e., the direction and height is not changed from one Co layer to the next higher/lower layer. Only at a few step edges adjacent to the two lowest layers in Fig. 2 (e) are the stripes disappearing. This means that the DLs are not located in the open four Co layers, but in the first five layers of the Co film next to the W substrate.
In contrast, the step edges of the underlying W substrate have an obvious effect on the stripe structure. In Fig. 3 (a) the step edge of the tungsten substrate is visible as a small height change in the Co film (see arrows). At this step, the higher stripe changes into a shallower one and vice versa, i.e., the stripe character is changed at every step edge of the underlying W substrate. Since only the W step edges have an effect on the stripe structure, the most probable position of the DLs is indeed at the Co/W interface in agreement with conventional knowledge on dislocation networks in heterostructures. [43] [44] [45] [46] [47] [48] Finally, we should admit that we do not know the origin of the appearance of two different types of DLs. Maybe, the relaxation of a tensile strain in one direction and a compressive strain in the other direction having a ratio of approximately 2 : 1 requires a network of two different DLs. In any case, the interchange of the DLs at a W step edge is reasonable, since adjacent layers of the W substrate exhibit a corresponding mirror symmetry.
To summarize, we find a dislocation network probably located at the Co/W interface on continuous Co films with 10 ML thickness grown on W(110). This dislocation network is induced by annealing and close to equilibrium above T Ϸ 400 K. Surprisingly it consists of two different types of dislocation lines. Figure 4 shows three spatially averaged dI / dV curves. One is taken on the 10 ML Co film of Fig. 2(g) . Another one is taken on monolayer high Co islands of a 0.5 ML film shown in the inset. The last one is recorded on the W substrate visible between the Co islands of the inset. The curve of the 10 ML film shows a sharp peak at −0.3 eV below the Fermi energy. Note that this peak has been found on all investigated Co films using different tips (PtIr and W). In measurements at room temperature it exhibits a full width at half maximum (FWHM) of 0.35± 0.05 eV, while at T =6 K a FWHM of 0.2± 0.05 eV is observed. Its peak position is at E − E F = −0.32± 0.03 eV, averaged over eight experiments using three different macrotips. According to this reproducability the peak is caused by an electronic state of the Co sample. In contrast, the other two peaks below E F at −0.65 eV and −1 eV are either changing their position from tip to tip or are completely absent, making it difficult to identify them as sample states.
B. Spectroscopic results
Layer-dependent spectroscopy
The two remaining dI / dV curves in Fig. 4 were taken on Co-ML islands and on the W(110) substrate surrounding the islands. On the Co monolayer the prominent peak has shifted to 0.8 eV above the Fermi energy. On W(110) a rather structureless dI / dV curve is found, as reported previously. 49 A small peak at −0.3 eV is also present in these dI / dV curves but with a much smaller intensity. This underlines that the sharp peak at −0.3 eV is indeed characteristic for the thicker Co films. A similar peak has previously been observed by STS and ARUPS for Co(0001) on various substrates. [8] [9] [10] 20 In Sec. IV we will show that the peak is assigned to a d 3z 2 −r 2-like surface resonance of a minority-spin character.
To answer the question of whether the position or the intensity of the peak at −0.3 eV depends on the layer thickness of the Co film we took locally resolved dI / dV curves on a wedge-shaped island of a three-dimensional film. The island is shown in Fig. 5(b) and has a 3 ML thickness at the right and an 11 ML thickness at the left rim. The areas of different thickness are visible as Ϸ5 nm wide stripes separated by darker lines and forming an angle of 30°to the ͓110͔ direction. Additionally, periodic stripes along ͓110͔ with a period of 12.2± 0.5 Å are visible on the thin side of the island with a corrugation of Ϸ5 pm. The latter corrugation is also visible in the line profile of Fig. 5(c) . The period of 12.2 Å can be explained by the ͑8 ϫ 1͒ superstructure or the slightly modified ͑7.1ϫ 1͒ structure described in Sec. III A 1. If one assumes a simple hard ball model where every fifth Co atom coincides with every fourth W atom along ͓001͔, one finds a period of 12.7 Å for the ͑8 ϫ 1͒ structure. For the ͑7.1ϫ 1͒ structure the strain is reduced by 2.45% (see Sec. III A 1) leading to a period of 12.4 Å. Indeed, a similar appearance of such a superstructure in STM images has previously been observed on 1 ML high films of Co and Ni on W(110). 30, 50 We find that the corrugation decreases with increasing film thickness being less than 1 pm above 6 ML. Figure 5 (a) shows dI / dV curves recorded on the areas of different thickness. A peak at −0.3 eV is clearly visible at each thickness. From layer to layer the peak energy shifts by as little as ±0.02 eV. Defining a contrast of the peak intensity by
where a and b denote the number of layers, we find a maximum contrast of only C 4,7 = 20%. Above the fifth monolayer, the contrast C a,b is even less than 10%. This means that regarding the electronic properties, the fifth monolayer is already bulklike as has previously been found on continuous films by ARUPS. 13 The larger contrast from the fourth to the fifth monolayer can possibly be attributed to the larger influence of strain at this thickness.
Oxygen adsorption
In order to find out how sensitive the peak at −0.3 eV reacts upon changes at the surface we exposed the Co islands from The constant-current image after exposure is shown in Fig. 6(b) . It shows depressions that have a depth of 60-80 pm as visible in the line profile in Fig. 6(c) . The depressions cover approximately 20% of the island surface. We therefore conclude that these depressed areas correspond to the O atoms whereas the rest of the surface is clean Co. Indeed oxygen adsorbates are known to be imaged as depressions in constant-current images on many metal surfaces. 54, 55 We now aquired dI / dV curves on the oxygen areas and on the neighboring Co areas. The curves are shown in Fig. 6 (a) in comparison with a curve obtained on the Co island prior to O 2 dosage. The Co areas after O 2 dosage still show a peak close to −0.3 eV, which is only slightly decreased in intensity by C OCo,Co = −10%. In contrast, on the oxygen-covered areas the peak has completely vanished. The corresponding state consequently reacts extremely sensitively on adsorbates. This has also been shown by hydrogen exposure on Co(0001) in an early ARUPS study. 20 As usual, we conclude that the peak at −0.3 eV is either induced by a surface state or by a surface resonance. Our spatially resolved spectroscopy study shows in addition that the quenching of the state is restricted to the very surrounding of the oxygen, which indicates a rather local character of the corresponding state.
Spatially resolved spectroscopy
To find out the spatial distribution of the peak at −0.3 eV we performed dI / dV maps at the peak position as shown in dI / dV maps appears brighter than the surroundings. A histogram of dI / dV values shown in the inset of Fig. 7(b) reveals that the dI / dV distribution on the Co islands is bimodal, i.e., there is a large peak that originates from the Co ML between the islands and two smaller peaks correspond to the dI / dV intensity on the islands. This implies that there are two spectroscopically distinct island types. One has a larger and the other a smaller dI / dV signal at −0.3 eV. The same conclusion can be drawn for the continuous film in Fig. 7(f) , where a few bright terraces appear among the majority of darker terraces. The less bright stripe-shaped areas, that are also visible in Fig. 7(h) , are caused by the DLs and will be discussed later. The dI / dV contrast between dark ͑d͒ and bright ͑b͒ areas is C b,d = 40± 20% according to Eq. (2). This contrast is found for both morphologies, islands and continuous films. It does not depend systematically on the temperature at which spectroscopy is performed. Since C b,d is considerably larger than the thickness-induced contrast discussed in Sec. III B 1, the dark and bright areas are not an effect of the film thickness.
Next, we analyze the spatial distribution and the relative frequency of the bright and dark areas. From Fig. 7(b) it is obvious that individual islands mostly have a single brightness, i.e., they are either completely dark or completely bright. Only larger islands such as the one in Figs. 7(d) exhibit a contrast change within the island. Moreover, it is obvious that the bright areas appear more often in the island morphology than in the continuous film. Indeed, the continuous film of Fig. 7(h) does not show any bright areas within the image range. A quantitative analysis reveals that in the films with island morphology in Figs. 7(b) and 7(d) the bright areas take 25± 5% of the island surface, while the continuous films in Figs. 7(f) and 7(h) exhibit only 3 ± 1% and 0% of bright areas, respectively. Figure 8 (a) shows local dI / dV curves taken on the bright and dark areas of Fig. 8(e) as indicated. The spectroscopic difference between the bright and dark areas is visible as a different intensity of the peak at −0.3 eV, while the peak position is only slightly changed between the curves. Contrasts in peak intensity ranging from C b,d = 30% to C b,d = 70% are found in different measurement sets obtained after preparing different microtips. However, the contrast does not depend systematically on the growth morphology or on the measurement temperature. Thus, we attribute the variance in contrasts to a different density of states of the microtip. [32] [33] [34] The second spectroscopic difference between bright and dark areas is a small but systematic downward shift of the peak position on the bright areas by 55± 35 meV. Note finally that the dI / dV intensity above E F is basically the same in all three curves in contrast to previous measurements on Co/ Cu͑111͒. 7 The question arises about what could be the reason for the spectroscopic difference of bright and dark areas. In Sec. III B 1 we have shown that the effect of layer thickness on the peak height is less than 10%, which is considerably smaller than the contrast between bright and dark areas. It is also unlikely that residual gas adsorption is the reason for the spectroscopic difference. As shown in Sec. III B 2 the peak intensity changes by only C OCo,Co = −10% on the oxygen-free areas of Co when 20% of the Co film is covered with oxygen. In contrast, even though the film as prepared in Figs. 8(b)-8(e) shows an adsorbate coverage of only 1% in the bright areas and 5% in the dark areas, the contrast between the areas is as large as 50%. Furthermore, we can exclude that a different atomic surface structure of bright and dark terraces is responsible for the contrast. The atomically resolved constant-current images of Figs. 3(c) and 3(e) are recorded on a bright area and a dark area, respectively. Nevertheless, we find exactly the same hexagonal arrangement of Co atoms.
Since it has previously been shown that stacking can be a source of dI / dV contrast on Co and Gd, 7, 8, 56 we finally check this assumption. A close inspection of Figs. 8(b) and 8(c) shows indeed that different stacking leads to a contrast change. The figure shows two islands of monolayer height placed on the same Co terrace. Both islands are hexagonal with three shorter and three longer step edges. However, the short and long step edges are interchanged between the two islands, i.e., the left island reminds us of a right-pointing triangle, whereas the right island reminds us of a leftpointing triangle. This indicates different stacking as discussed, e.g., by Busse et al. 57 Stackings can be multifold in 10 ML thick films but the upper three layers they can only be ABA or ABC, corresponding to an hcp-or an fcc-like stacking, respectively. So, we identify the two islands as ABA and ABC stacked. Spectroscopically, the right island appears dark in Fig. 8(c) , while the left island appears bright with a contrast of C b,d = 60%. This strongly implies that stacking is the origin of the observed bimodal contrast. 58 Since it is, moreover, known that Co films on W(110) are predominantly hcp stacked, 13 it is straightforward to identify the more frequent dark areas with ABA stacking and the less frequent bright areas with ABC stacking.
An example where fcc and hcp stacking is found within the same island is shown in Figs. 8(d) and 8(e). The bright area is adjacent to a dark area on the same atomic layer where the boundary is indicated by white arrows. Moreover, a dark area is one monoatomic layer on top of the bright area. This indicates a burried stacking fault with the stacking sequence of the top layer B being ABCB.
In summary, all found bright areas are consistent with an fcc-like stacking appearing exactly at this layer. We conclude that the peak at −0.3 eV exhibits an intensity change of about +50% and a peak shift of −55 meV at a fcc-stacking fault. Moreover, we conclude that while hcp stacking is nearly exclusive in continuous films, a significant tendency to fcc stacking appears on Co islands.
Let us come back to the less bright, stripe-shaped areas visible in the dI / dV maps of Figs. 7(f) and 7(h). By comparison with the corresponding constant-current images in Figs. 7(e) and 7(g) it is clear that this contrast is caused by the DLs discribed in Sec. III A 3. Note that it is hard to distinguish the shallower and the higher DL in the dI / dV maps as can be seen in the line profiles of Fig. 8(f) . The double line consisting of a shallower and a higher DL appears as a broad asymmetric single stripe in the dI / dV signal. Local spectroscopy on the double line as shown in Fig. 8(a) reveals that again the intensity of the peak at −0.3 eV is responsible for the contrast. The peak intensity on the double line is by C DL,hcp = 25± 15% higher than on the surrounding hcp areas and the peak shifts downwards by 40± 10 meV. Interestingly, the DLs are also brighter than their surroundings on fcc-stacked areas as can be seen on the bright area in Fig. 8(e) . Although we currently do not know the origin of the contrast on the DLs, it is likely that the long-range strain field has a strong influence on the peak intensity, as will be confirmed in the next section.
IV. CALCULATIONS
In order to find the reason for the intensity change of the peak at −0.3 eV on fcc-stacking faults, we performed density-functional theory (DFT) calculations. 59 The exchange-correlation functional is formulated within the generalized gradient approximation. 60 The Kohn-Sham equations are solved applying the full-potential linearized planewave (FLAPW) method, as realized in the FLEUR code. 61, 62 For simulating the Co(0001) surface we use a film geometry with 12 layers of Co embedded in infinite vacua on both sides of the film. We compare the perfect hcp structure ͑ABA͒ with an hcp structure exhibiting an fcc stacking-fault ͑ABC͒ in both surface layers. Both geometries are optimized by total-energy minimization using the theoretical Co bulk lattice constant, which is determined to 2.509 Å (experimental value 2.507 Å). Self-consistent results have been obtained with about 110 basis functions per atom and 26 k points in the irreducible wedge of the two-dimensional Brillouin zone (2DBZ) as numerical parameters. For the calculation of the density of states (DOS) we used 50 k points in the irreducible wedge of the 2DBZ.
Compared with the ideal bulk termination, both surfaces are relaxed inwards. The surface layer of the faulted structure is relaxed by 0.046 Å and that of the unfaulted structure by 0.015 Å, which corresponds to 2.3% and 0.7% of the Co interlayer distance of 2.034 Å, respectively. The work functions of the faulted and the unfaulted structure are nearly identical, i.e., 5.143 and 5.096 eV, respectively. Thus, the decay constants of the wave functions into the vacuum are comparable.
To simulate the spectroscopic measurements we calculated the vacuum DOS for both structures. The energies are given with respect to the Fermi level. Since the work functions of the faulted and the unfaulted structure differ by 47 meV, the Fermi levels are shifted accordingly with respect to the vacuum zero. The results for majority-spin DOS and minority-spin DOS, as well as the sum of both DOSs, are presented in Fig. 9 at a distance of 3 Å from the surface layer. We find a dominating peak in the minority-spin DOS at approximately −0.3 eV below E F exhibiting a FWHM of 0.3± 0.05 eV. Since the proportion between different peaks in the vacuum DOS can change with the distance from the surface, we checked the vacuum DOS at distances ranging from 2 -10 Å. For these distances the peak at −0.3 eV remains the dominating feature for both structures. Consequently, this peak corresponds to the one found in STS measurements.
As visible in Fig. 9 , the faulted structure ͑f͒ exhibits a higher peak intensity than the unfaulted structure ͑u͒. According to Eq. (2) the contrast amounts to C f,u = 30% at 2 -3 Å distance, but decreases to C f,u = 5% at 10 Å distance. Moreover, the peak on the faulted structure is at −0.34 eV, while that on the unfaulted structure is at −0.28 eV. This means that the peak on the faulted structure is shifted by 60 meV to lower energies. Both results are in excellent agreement with the STS results where an intensity change of ͑50± 20͒% and an energy shift of 55± 35 meV are found. Finally, the calculated peak width is in reasonable agreement with the experimental result.
Next we want to understand the mechanism of why fcc stacking leads to a higher peak intensity. To answer this question, we first compare the vacuum DOS with the band structures of faulted and unfaulted surfaces. Figure 10 shows band structures of the minority spin for both systems along the high symmetry directions. States, which have more than 10% of their DOS in vacuum, are marked by black dots. The corresponding bands are identified as surface-related bands. One of those bands 63 exists in the energy range corresponding to the peak at −0.3 eV. It has a minimum marked by the circles in Fig. 10 at approximately one fourth of the distance from ⌫ to K and from ⌫ to M , respectively. This minimum is close to −0.3 eV. We checked that the main contribution to the vacuum DOS comes indeed from this band minimum. A second surface band has a maximum at about −0.5 eV and is located at the ⌫ point. The contribution of this band to the peak at −0.3 eV in the vacuum DOS is negligible, since the band maximum occurs at lower energies. In fact, we find that the contribution from ⌫ to the peak is a factor of 10 lower than the contribution from the band minimum off from ⌫ . Consequently the peak at −0.3 eV is caused by the band minimum of the surface band at 1 / 4 of the 2DBZ. We conclude that this band minimum is the origin of the peak measured by STS. This is in contrast to conclusions given for Co/Cu(111), where a band at ⌫ has been proposed to be responsible for the peak. 9, 10 Note that the band maximum at ⌫ is isolated from other bulk bands and is, thus, a surface state. In contrast, the band minimum at 1 / 4 of the 2DBZ crosses other bulk bands and is, thus, probably a surface resonance.
Finally, we analyze the charge distribution of the surface bands. The character of the band with the minimum at 1 / 4 of the 2DBZ changes from the band maximum at ⌫ , where it has a predominant p character, to the band minimum, where it has a d 3z 2 −r 2 character with a small contribution of s and p states of less than 5%. This is shown in Fig. 11 , where contour plots of the minority spin density at the energy and Bloch vector corresponding to the band minimum marked by arrows in Fig. 10 are given. For faulted and unfaulted struc- ture the contour plots show a predominant d 3z 2 −r 2 character at the surface layer with a minor superposition of an s-like character. Within the bulk, the LDOS has predominant d xz character. The contribution of this particular state to the LDOS in each layer and in vacuum is indicated by the numbers next to the contour plots. Obviously, the largest contribution is in the surface layer. Nevertheless, there is a considerable contribution in the subsurface layers. This means that the state at the surface can couple to bulk d states. That this coupling takes place indeed can be concluded from the hybridization with the bulk d bands near the band minimum, which is marked in Fig. 10 . Consequently, the state has to be assigned to a surface resonance rather than to a surface state. In contrast, the dot-marked band with the maximum at −0.5 eV at ⌫ is found to be a d 3z 2 −r 2-surface state (not shown) in accordance with the Co/Cu(111) case. 9, 10 The contour plots in Fig. 11 also show that in the case of hcp stacking the downward oriented lobes of the surface atoms point directly to the atoms in the second subsurface layer. In contrast, in the case of the faulted structure, the lobes point into the interstitial region. Accordingly, the surface resonance exhibits a stronger coupling to bulk d states at pure hcp stacking than at stacking faults. This leads to a weaker localization in the surface layer in the hcp case as can also be seen by comparing the distribution of the LDOS in the different layers (Fig. 11) . As a consequence, the intensity of the vacuum DOS as measured by STS is lower for the hcp structure. The reason for a different brightness of hcp and fcc areas in dI / dV maps at −0.3 eV is, thus, a different coupling of the d 3z 2 −r 2-like surface resonance to the underlying bulk. Note that the intensity of the surface resonance in the hcp case is larger in the second subsurface layer than in the first subsurface layer. This stresses that the geometrically induced coupling to the second subsurface layer is indeed the relevant coupling. Furthermore, we want to point out that, in the hcp case, the surface resonance crosses only one bulk d band in the ͑⌫ , K ͒ direction before it runs into the band minimum. In contrast, in the case of fcc stacking, the surface resonance crosses two bulk d bands. Since the d band to which the band minimum couples is approximately 50 meV lower in energy in the fcc case, the peak in the vacuum DOS accordingly occurs at lower energies.
We did not yet analyze in detail the mechanism that leads to a higher intensity in the vacuum DOS of the surface resonance at DLs. Probably, the lateral extension of the lattice at DLs arising together with the vertical compression leads to an increase in intensity. Indeed our calculations using different lattice parameters suggest that the intensity of the peak at −0.3 eV is increased by stretching the Co(0001) structure. However, this effect has to compensate the opposite one given by the vertical compression.
In summary, the peak at −0.3 eV measured by STS is assigned to a d 3z 2 −r 2-like surface resonance with a minorityspin character that is located in a band minimum off from ⌫ . In contradiction, for the case of Co/ Cu͑111͒, Diekhöner et al. 9 and Okuno et al. 10 assigned the peak to a d 3z 2 −r 2-surface state at ⌫ . More importantly, we identified the different appearance of hcp-and fcc-stacked areas in dI / dV maps as due to a different coupling of the corresponding surface resonance to the bulk.
Finally we want to point out that the total energy of the faulted structure (fcc) is only 11 meV/ atom larger than that of the unfaulted structure (hcp). This suggests that stacking fault nucleation sites occur rather frequently in thin film growth, 57 possibly explaining our observation that fcc areas exist in thin films even at room temperature.
V. CONCLUSIONS
In summary, we have investigated the electronic structure of the Co(0001) surface on islands and continuous films grown on W(110) by STS. On both, we found a surfacerelated peak at −0.3 eV below the Fermi energy. By firstprinciples electronic structure calculations this peak is assigned to a d 3z 2 −r 2-like surface resonance with a minorityspin character. It belongs to a band minimum at 1 / 4 of the two-dimensional Brillouin zone away from ⌫ . STS reveals that the surface resonance is extremely sensitive to stacking as well as to the strain field of dislocation lines. According to the calculations, fcc stacking at the surface results in an increase of the vacuum density of states by 5 -30%, depending on the tip-sample distance, while STS experiments find an increase of ͑50± 20͒%. The different intensity is caused by a different coupling strength of the surface resonance to bulk states for fcc and hcp stacking leading to a different localization in the surface layer and, thus, to a different dI / dV signal. Although a contrast in dI / dV on different stackings has also been found in the Co/ Cu͑111͒ system by Vázques de Parga et al., 7 it has been attributed to a peak above E F , which is at variance with the peak measured on the same system by Pietzsch et al., 8 Diekhöner et al. 9 and Okuno et al. 10 Since Vázques de Parga et al. do not find a feature in the energy range of the surface resonance, one possible explanation for their results could be intermixing or contamination leading to a change in electronic structure. However, since our explanation for the contrast in dI / dV on different stackings is based on the commonly measured peak on both Co systems, we believe that our results are generally correct for clean Co(0001).
Finally, we found that the film morphology is important for the stacking, i.e., fcc stacking appears to be considerably increased in Co islands compared to continuous Co films. This effect should be considered with respect to nanostructuring of magnetic multilayers. Since the observed surface resonance exhibits a spin polarization of 70%, interesting future experiments using spin-polarized STS can be anticipated.
Note added in proof: Recently, we have become aware of a similar observation for the low coverage regime of Co/ W͑110͒.
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